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I. ABSTRACT

A. Long-term Goals:

To improve ability to predict tropical cyclone motion with specific application to the
western Pacific Ocean.

B. Scientific Objectives:

To develop our understanding of the physics of the interaction between a tropical cyclone
and its environment ( “beta-drift”)

C. Approaches:

Numerical experiments and theoretical analysis.

D. Tasks completed:

a. Analysis of the physics of beta-drift of a tropical cyclone with baroclinicstructure
(1990-1991).

b. Study of the cause of development and gyration of beta-gyres (beta-gyre dynamics)
(1992-1993)

c. Impacts of horizontal environmental shears upon beta-drift (1994-1995)

E. Most significant scientific accomplishments:

Our systematic study of the physics of tropical cyclone motion have resulted in the
following accomplishments:

1. We have identified the physical factors which control beta drift direction and speed of a
tropical cyclone with baroclinic vertical structure in a quiescent environment. (Wang and Li,1992)

2. For initial vortices of differing strutures, we have identified a variety of possible beta-
drift tracks (quasi-steady, wobbling, and cycloidal) in accordance with beta-gyre evolution .
(Li and Wang, 1994)

3. We have developed a kinetic energy theory which explains the fundamental cause of
beta-gyre development. We used asymmetirc streamfunction tendency analysis to explain the
cause of beta gyre gyration. (Li and Wang, 1994)




4. We have demonstrated the mechanism through which horizontal shears and the relative
vorticity gradients of environmental flows affect beta-drift speed. (Wang and Li, 1995) "

5 We have discovered and theoretically proven that the shear strain rate of an
environmental flow alters beta drift speed. ( Li and Wang, 1996)

6. We have shown the mechanisms by which environmental shear flows change beta-drift
direction. We developed a theory for dependence of beta-drift direction on initial vortex structure
and environmental shears. (Wang ef al, 1996).

F. Significance of accomplishments and transition items:

Prediction of tropical cyclone motion based upon environmental steering currents exhibits
systematic errors which can, to a large extent, be accounted for by the so-called beta-drift. We
have identified the controlling factors of this beta-drift. These factors provide a useful guide for
prediction of beta-affected track deviations from the track predicted from environmental steering.
For instance, our results suggest that (1) beta-drift is faster (slower) near a subtropical ridge
(monsoon trough) or in a saddle field with anticyclonic (cyclonic) circulation to its east and
south.; (2) beta-drift direction is more influenced by longitudinal shear of the meridional wind than
by the meridional shear of zonal environmental flows. In the western rim of a subtropical high
where meridional shear decreases eastward, the beta-drift component will be directed more
northward. The environmental shear favors tropical cyclone recurvature. These rules may be a
useful guide for prediction of beta-drift track deviations.

The theory of beta-gyre dynamics has furthered our understanding of the interaction

among the primary vortex, secondary asymmetric circulations, and the environmental flow in the
presence of the earth’s vorticity gradient.

G. Abstracts of the major scientific results:

See attached abstracts.
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The Beta Drift of Three-Dimensional Vortices: A Numerical Study

BIN WANG AND XIAOFAN LI
i Department of Meteorology, School of Ocean and Earth Sciences and Technology, University of Hawaii at Manoa, Honolulu, Hawaii
\ (Manuscript received 20 March 1991, in final form 12 August 1991)

ABSTRACT

The beta effect on translation of cyclonic and anticyclonic vortices with height-dependent circulation (the
beta-drift problem) is investigated via numerical experiments using a dry version of a multilevel primitive
equation model (Florida State University model).

The vertical structure of vortex circulation influences steady translation in a manner similar to that of the
horizontal structure. Both spatially change the mean relative angular momentum (MRAM) of the vortex. The
translation speed and its meridional component are both approximately proportional to the square root of the
magnitude of MRAM of the initial (or quasi-steady-state) symmetric circulation. The latitude is another important
factor controlling the speed of the beta drift. The meridional component decreases by about 45% when the
central latitude of the vortex increases from 10° to 30°N.

The beta-drift speed is intimately related to the axially asymmetric pressure field. During quasi-steady vortex
translation the asymmetric pressure field maintains a stationary wavenumber | pattern in azimuthal direction
with a high in the northeast and a low in the southwest quadrant of a Northern Hemisphere cyclone. The beta-
drift velocity is approximately equal to the geostrophic flow implied by the asymmetric pressure gradient at the
vortex center. If the Rossby number associated with the asymmetric flow is small, to the lowest order, the
asymmetric pressure gradient force at the vortex center is balanced by the Coriolis force associated with the

beta drift of the vortex.

1. Introduction

Beta drift is a basic component of tropical cyclone
motion. It arises from the interaction between the gra-
dient of earth’s vorticity (or in more general terms, the
absolute-vorticity gradient) and the vortex circulation.
Beta drift may create a deviation from environmental
steering and may play a dominant role if the ambient
steering current is weak or indefinite, particularly in
the deep tropics. Study of beta drift also provides fun-
damental understanding of nonlinear interaction be-
tween the vortex dynamics and the environment.

The investigation of motion of an isolated barotropic
vortex in a quiescent environment dates back to Rossby
(1948). Using a solid-body-rotation vortex and as-
suming a balance between the integrated pressure force
by the surrounding fluid and the Coriolis force asso-
ciated with the vortex translation, Rossby argued that
an axially symmetric cyclonic vortex is driven poleward
due to the latitudinal variation of the Coriolis param-
éter. Adem (1956) reexamined the translation of a
geostrophic vortex on beta plane in terms of a Taylor
expansion of streamfunction in time. In the Northern

Corresponding author address: Dr. Bin Wang, University of Hawaii,
School of Ocean & Earth Science & Technology, 2525 Correa Rd,
Honoluiu, HI 96822.
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Hemisphere, a cyclonic vortex was shown to first move
westward then turn northward. Adem first noticed a
relation between vortex translation and its horizontal
structure: the initial westward and subsequent north-
ward components are proportional to the vortex radius
and the maximum wind speed, respectively.
Numerical experiments using barotropic models all
indicate that an initially symmetric vortex on a beta
plane moves consistently northwestward in the North-
ern Hemisphere (e.g., Anthes and Hoke 1975; Madala
and Piacsek 1975) rather than northward or first west-
ward then northward. Recent numerical studies of
barotropic beta drift have further focused on the effects
of the horizontal vortex structure on the beta drift.
DeMaria ( 1985) showed that the vortex track is much
more sensitive to changes in the outer region (size
change) than to changes in the inner regions (intensity
change). Holland (1983, 1984) postulated that the
vortex motion depends on cyclone-environment in-
teraction at an effective radius of interaction, which is
an envelope defined by the region of rapid increase in
inertial instability. He intuitively predicted that the
maximum wind variation should not affect the motion,
while the changes in the size and strength of the outer
circulation affect the motion by changing the effective
radius. On the other hand, Chan and Williams (1987)
showed that for a constant-shape vortex the northward
movement increases with both the maximum wind
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Barotropic Dynamics of the Beta Gyres and Beta Drift

X1AOFAN L1 AND BIN WANG
Department of Meteorology, School of Ocean and Earth Science and Technology, University of Hawaii at Manoa, Honolulu, Hawaii

(Manuscript received 27 April 1993, in final form 16 August 1993)

ABSTRACT

The movement of a symmetric vortex embedded in a resting environment with a constant planetary vorticity
gradient (the beta drift) is investigated with a shallow-water model. The authors demonstrate that, depending
on initial vortex structure, the vortex may follow a variety of tracks ranging from a quasi-steady displacement
to a wobbling or a cycloidal track due to the evolution of a secondary asymmetric circulation. The principal part
of the asymmetric circulation is a pair of counterrotating gyres (referred to as beta gyres), which determine the
steering flow at the vortex center. The evolution of the beta gyres is characterized by development/decay,
gyration, and radial movement.

The beta gyres develop by extracting kinetic energy from the symmetric circulation of the vortex. This energy
conversion is associated with momentum advection and meridional advection of planetary vorticity. The latter
(referred to as ““beta conversion”’) is a principal process for the generation of asymmetric circulation. A nec-
essary condition for the development of the beta gyres is that the anticyclonic gyre must be located to the east
of a cyclonic vortex center. The rate of asymmetric kinetic energy generation increases with increasing relative
angular momentum of the symmetric circulation.

The counterclockwise rotation of inner beta gyres (the gyres located near the radius of maximum wind) is
caused by the advection of asymmetric vorticity by symmetric cyclonic flows. On the other hand, the clockwise
rotation of outer beta gyres (the gyres near the periphery of the cyclonic azimuthal wind) is determined by
concurrent intensification in mutual advection of the beta gyres and symmetric circulation and weakening in the
meridional advection of planetary vorticity by symmetric circulation. The outward shift of the outer beta gyres

is initiated by advection of symmetric vorticity by beta gyres relative to the drifting velocity of the vortex.

1. Introduction

Tropical cyclone motion is primarily controlled by
nonlinear vorticity advection. Theoretically, two dis-
tinctive mechanisms can be identified that affect adia-
batic motion of a barotropic vortex: steering by envi-
ronmental flows, and advection by an asymmetric flow
induced by interaction of the vortex circulation with
the environmental absolute potential vorticity gradient.
An ideal example of the environmental steering is
given by Adem and Lezama (1960), who proved that
a barotropic symmetric vortex embedded in a uniform
flow on an f plane moves exactly with the velocity of
the environmental flow. The presence of the environ-
mental absolute potential vorticity gradient, however,
may generate asymmetric circulation through interac-
tion with a symmetric vortex. The secondary asym-
metric flow thus generated can further advect symmet-
ric relative vorticity, causing another type of motion,
which was termed as propagation by Holland (1983).
An ideal problem of propagation was first investigated

Corresponding author address: Dr. Xiaofan Li, School of Ocean
and Earth Science and Technology, University of Hawaii, 2525 Cor-
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by Rossby (1948), who showed that an isolated rigid-
body-rotation vortex on a beta plane will undergo a
poleward acceleration due to the increase of the Cor-
iolis force with latitude. The movement of a vortex em-
bedded in such a quiescent environment on a beta plane
is now commonly referred to as beta drift. Rossby’s
solution, however, did not consider the effects of sec-
ondary circulation and compensating pressure gradient
forces and hence was not in full agreement with sub-
sequent numerical solutions (e.g., Anthes and Hoke
1975).

A fundamental theoretical problem is to explain the
mechanisms causing beta drift. Adem (1956) first
worked out a series solution for a barotropic nondiver-
gent vorticity equation, which suggested a beta effect—
induced asymmetric circulation that drives the vortex
first westward and then poleward. Holland (1983) ar-
gued that the advection of earth vorticity by symmetric
azimuthal winds could produce asymmetric vorticity
(which, on the one hand, drags a cyclone westward
and, on the other hand, creates two counterrotating
gyres—counterclockwise to the west and clockwise to
the east) that is often referred to as beta gyres. The
resulting poleward wind over the vortex center [re-
ferred to as ‘‘ventilation flow’’ by Fiorino and Elsberry
(1989)] would advect the cyclone poleward. The roles
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Propagation of a Tropical Cyclone in a Meridionally Varying Zonal Flow:
’ An Energetics Analysis

BN WANG AND XJAOFAN LI

Department of Meteorology, School of Ocean and Earth Science and Technology, University of Hawaii at Manoa, Honolulu, Hawaii

(Manuscript received 27 September 1993, in final form 10 October 1994)

ABSTRACT

Tropical cyclone propagation (the beta drift) is driven by a secondary circulation associated with axially
asymmetric gyres (beta gyres) in the vicinity of the cyclone center. In the presence of the beta effect, the
environmental flow may interact with the symmetric circulation and beta gyres of the cyclone, affecting the
development of the gyres and thereby the cyclone propagation. An energetics analysis is carried out to elucidate
the development mechanism of the beta gyres and to explain variations in propagation speed of a barotropic
cyelone embedded in a meridionally varying zonal flow on a beta plane. Two types of zonal flows are considered:
one with a constant meridional shear resembling those in the vicinity of a subtropical ridge or a monsoon trough,
and the other with a constant relative vorticity gradient as in the vicinity of an easterly (westerly) jet.

Zonal flow with a constant meridional shear changes the generation rate of the gyre kinetic energy through
an exchange of energy directly with the gyres. The momentum flux associated with gyres acting on the meridional
shear of zonal flow accounts for this energy conversion process. Zonal flow with an anticyclonic (cyclonic)
shear feeds (extracts) kinetic energy to (from) the gyres. The magnitude of this energy conversion is proportional
to the strength of the meridional shear and the gyre intensity. As a result, the gyres are stronger and the beta

drift is faster near a subtropical ridge (anticyclonic shear

) than within a monsoon trough (cyclonic shear).

Zonal flow with a constant relative vorticity gradient affects gyre intensity via two processes that have op-

posing effects. A southward vorticity gradient, on th
conversion rate from symmetric circulation to gyres;

e one hand, weakens the gyres by reducing the energy
on the other hand, it enhances the gyres by indirectly

feeding energy to the symmetric circulation, whose strengthening in turn accelerates the energy conversion from
symmetric circulation to gyres. The effect of the second process tends to eventually become dominant.

1. Introduction

Tropical cyclone motion normally differs from an
environmental steering (George and Gray 1976; Chan
and Gray 1982; Carr and Elsberry 1990). The differ-
ence is attributed to a propagation component that
arises from the interaction of the tropical cyclone
circulation with embedded environment. Current un-
derstanding of the nature of the propagation is primar-
ily gained from theoretical and numerical modeling
studies.

Theoretically, the translation of an initially axially
symmetric vortex embedded in a spatially varying en-
vironmental flow may be advantageously partitioned
into two components: a steering caused by the advec-
tion of axially symmetric vorticity by the environmen-
tal flow, and a propagation induced by the advection of
the symmetric vorticity by axially asymmetric flows
near the vortex center. The asymmetric flows result
from interactions between the vortex circulation and

Corresponding author address: Dr. Bin Wang, School of Ocean
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the planetary vorticity gradient (the beta effect) and the
relative vorticity gradient of the environmental flow.

An example of pure steering was given by Adem and
Lezama (1960), who showed that a barotropic sym-
metric vortex embedded in a uniform environmental
flow on an f plane moves precisely with the uniform
flow. An example of pure propagation was first studied
by Rossby (1948), who showed that the beta effect can
drive a rigid-body rotation cyclone northward in the
absence of environmental flows. Recent numerical in-
vestigations have established that in a quiescent envi-
ronment on a beta plane, the propagation of a baro-
tropic symmetric vortex (the beta drift) is determined
by the advection of symmetric vorticity by the asym-
metric flow between a pair of counterrotating gyres (the
beta gyres); the beta gyres are generated by the advec-
tion of planetary vorticity by the symmetric vortex cir-
culation (Chan and Williams 1987; Willoughby 1988;
Fiorino and Elsberry 1989; Peng and Williams 1990;
Shapiro and Ooyama 1990; Smith et al. 1990; Li and
Wang 1994; and others).

In the presence of both the beta effect and environ-
mental flows, vortex translation is a combination of
steering and propagation. In the simplest case, in which
the environmental flow is uniform and time indepen-
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Acceleration of the Hurricane Beta Drift by Shear Strain Rate
of an Environmental Flow*
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Department of Meteorology, School of Ocean and Earth Science and Technology, University of Hawaii at Manoa, Honolulu, Hawaii
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ABSTRACT

| ) ' An energetics analysis is presented to reveal the mechanisms by which the environmental flows affect hurri-
; cane beta-gyre intensity and beta-drift speed. The two-dimensional environmental flow examined in this study
| . varies in both zonal and meridional directions with a constant shear.
j ’ It is found that a positive (negative) shear strain rate of the environmental flow accelerates (decelerates) beta
drift. The horizontal shear of the environmental flow contains an axially symmetric component that is associated
; with vertical vorticity and an azimuthal wavenumber two component that is associated with shear strain rate. It
i is the latter that interacts with the beta gyres, determining the energy conversion between the environmental
flow and beta gyres. A positive shear strain rate is required for transfering kinetic energy from the environmental
flow to the beta gyres. As a result, the positive shear strain rate enhances the beta gyres and associated steering
flow that, in tum, accelerates the beta drift.

1. Introduction even without a relative vyorticity gradient a zonal flow
: ith a constant anticyclonic (cyclonic) shear can also
The presence of an environmental flow affects hur- wi . . .
ricane rpr’lotion not only by advecting axially symmetric accelerate (decelerate) beta .dnft (Ulrich and Smith
vorticity (steering) but also by changing axially asym- 19?618, (SVn/liﬁllalriz glgy&?; arichgf)(weakemng) the beta
metric beta gyres. The beta gyres result from interac- gyWano and Li (1995, hereafter WL95) developed an
tions between the symmetric circulation and the gra- - ... et?c theory 1o wxplain the physical mechgnisms
dients of planetary vorticity (the beta effect) or envi- geucs ory I;ff hpdy ) f th
ronmental relative vorticity (e.g., Holland 1983). The by which a zonal ﬂox:vf Tﬁcts the eC;/tehopmenta(; ﬂt ©
circulation associated with the beta gyres advects sym- beta gyres a:nd bletq dift. | & €y Sl ok:v © f a;a;;) nal How
metric vorticity and induces a propagation component with an a:;:lcyc onic mer f}?a sneat hec S qetéc enc-l
(beta drift). The beta drift often represents a deviation ergy,to e beta gyres, € axlllcu];g t de' fgylri—m uce
from the steering. It is thus of fundamental importance steering flow and gccelexianpg the ;ta all.l th contrast,
to understand how the presence of a horizontally vary- :nzonal fﬁor‘:/l Klf:):t;yc f:slinrgesr;oy: dosw]:c)z:‘,ll’-):)iit:iaf:ts
ing environmental flow influences the beta drift of trop- %%y ro ical %y & tropical .
ical cyclones. e mean tropic oxs sgrr?un ing a opxcb tcy-
Previous studies of the effects of environmental flow c_l:lne argdpota;;urely zon ar11: often Coma:;: a sn;t.s :‘ﬁl'
on hurricane motion have focused on a special envi- tial menicion component.30<(>)r mztarslg%, h; ved 1 Zl
ronmental flow: zonal flows with meridional shears averaged winds between anc a, derve
(e.g., Sasaki 1055: Kasahara 1957; DeMaria 1985) from the European Centre for Medmm—Range Weather
partially because the environmental relative vorticity ?gecals)ts :sglgsglsatfo&;h;g::%%gfClo(;ils’tlsJ(l)ltl‘yals9uii)7_
gradient associated with zonal flows is able to enhance g.‘c al e around 2&°N, a monsoon trou oh to its
or offset the beta effect. It was found, however, that pical ridg ' .
south, and a westerly trough to 1ts north. The maximum
easterly wind along the line AB (Fig. 1) and the max-
- imum northerly wind along the line CD have the same
* School of Ocean and Earth Science and Technology Contribution order of magnitude. It is, therefore, necessary to ex-
Number 3956. amine influences on beta drift of a more genera} envi-
ronmental flow that has both zonal and meridional
Corresponding author address: Prof. Bin Wang, School of Ocean com_ponents. . e 4 s » .
and Eardh Science and Technology, University of Hawaii, 2525 Cor- Since the mean divergent wind is negligibly small
rea Road, Honolulu, HI 96822. compared to the rotational wind, we may approxi-
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Abstract

The impacts of environmental shears on beta drift direction is assessed through numerical
experiments with a barotropic divergent model. We found that cyclonic (anticyclonic) shears make
the beta drift more westward (northward) in the Northern Hemisphere. In addition, the
longitudinal shear of meridional flows (8V/3x) is much more effective than the meridional shear
of zonal flows (8U/8y) in deflection of the beta drift.

An analytical model for beta drift angle is advanced to interpret the numerical model
results. The theoretical model predicts: (1) Beta drift direction does not depend on the planetary
vorticity gradient; (2) In a quiescent environment, the drift angle is primarily determined by the
outer azimuthal flows of the vortex; (3) In a sheared environmental flow, the deflection of beta
drift induced by environmental shears depends mainly on the longitudinal shear of meridional
flows. It is shown that the environmental shear changes beta drift angle by advection of beta-gyre

vorticity and planetary vorticity that affects beta gyre orientation.




